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4,r	 Abstract
The purpose of this experimental program was to
evaluate the approach and takeoff performance of a
contracting-cowl variable geometry design inlet Installed
on a high-hvpass ratio turbofan engine. The design was
finalized after consideration of aerodynamic, acoustic,
and mechanical factors which would lead to a viable
flight-worthy inlet concept. The aerodynamic results
are presented in terms o f inlet recovery and distortion
parameter as btnctiors of throat Mach number, and
acoustic results in terms of Perceiv ed Noise Level.
The contracting cowl high throat Mach number inlet is
stiown to be an attractive means to reduce forward radi-
ated noise from a high bypass ratio turbofan engine.
introduction
compared to data obtained with a baseline cylindrical in-
let which had a bellmouth to assure smooth inflow condi-
tions to the engine. Empirical inlet surface Mach num-
ber distributions as well as flow variations are compared
to results from an analytical program, i7) Some opera-
tional problem aspects of using high Mach number inlets
on turbofan engines are also discussed.
Apparatus and Procedure
Facility Description
The test program was performed at the Engine Noise
Test Facility located at Lewis Research Center adjacent
to, but sufficiently far from the Flight Research Building
so that accurate acoustic measurements could be ob-
tained. The facility is shown schematically in Fig. 1.
To achieve turbofan inlet noise reductions, many
types of sonic and near-sonic variable-geometry inlet
configurations have been proposed. Of all the inlet con-
cepts studied for CTOL. application, the contracting cowl
configuration was considered to be the best compromise
from the standpoint of mechanical, aerodynamic, and
acoustic design potential. The purpose of the experi-
mental c-rogram reported herein was to evaluate the ap-
proach and takeoff performance of a contracting-cowl
variable- geometry design inlet installed on a high-
bypese- ratio turbofan engine.
NASA's Quiet Engne "C" was selected for tests of
the high Mach number inlet. The inlet design was final-
ized by the engine contractor and reviewed and approved
by NABA personnel after consideration of aerodynamic,
acoubtir, and mechanical factors which would l.sad to a
viable +light- worthy inlet concept. The design procedure
used •-n a stm;lar Inlet by the same contra for Is report-
ed'n Ref 1 Some previous work on var'aus h i gh throat
Mach -,imber Cnlat concepts Is reported In Refs. 2 to 6.
The microphone (17) are at the same height as the
engine centerline 3. 96 meters on a •15. 7-meter radius
spaced every lo o from the inlet aids to 1600. Also, the
reflecting plane is hard pavement. Engine operation is
controlled from the flight research building where the
noise instrumentation and analysis equipment are located.
Engine Description
The NASA Quiet Engine "C", a low noise technoing it
turbofan demonstrator, was designed, built, and acous-
tically evaluated under the NASA/GE Experimental Quiet
Engine Program. The 97 900-newton (22 000-1b) thrust
class turbofan consisted of a newly developed, high tip
speed, single-stage fan. It was designed, at the altitude
cniise condition, for a corrected tip speed of 472 m/sec
(1550 ft/sec) at a bypass pressure ratio of 1. 6, and with
a corrected fan flow of 415 kg/sec (915 Ib,'sec). The fan
had 26 unehrouded rotor blades and 60 outlet guide vanes.
Further details are presentee in Ref S.
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To minimize costs of the test hardware fixed-
geometry aopT ,)ach and takeoff inlet contours conforming
to the postulated variable geometry design were fabri-
r.ated. They were installed on Quiet Engine "C' , and
tested Iii atatic conditions in the Engine Noise Test Facil-
ity of the NASA-Lewis Research Center. The approach
pnd takeoff high Mach :::umber inlet configurations were
run over a range of throat Mach numbers from about 0. 5
'o choked by varying -orrected fan speed. Both aerody-
n-imle ind arouotir data were obtained, analyzed, ana
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The selection of the final design concept of the inlet
was based upon the noise reduction potential, the aero-
dynamic performance potential, and considerations of
the required mechanical design complexity, weight,
sealing problems, and ease of controllability The final
selection of the contracting cowl concept was deemed to
be a viable, flight-worthy %..-iable-geometry inlet con-
cept for a CTOL application. A photograph of the take-
off cot-figuration is presenter{ in Fig. 2.
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The final aerodynamic contours are presented in
Fig. 3. The flight cowl and the cruise contour are
shown as dashed lines since neither was tested. A
small bellmourh or static test lip was provided in order
to approximate the throat flow conditions to be expected
at the takeoff and approach flight conditions.
The high throat Mach number inlet front view pre-
sented in Fig. 4 indicates the radial panel positions for
the approach, takeoff, and cruise positfo.is. Tie 12 it
wedges are designed to minimize leakage as the
constant-width panels trove radially between the ap-
proach and cruise positions, in the approach position,
only the wedge tips, half circular in cross-section and
about 1.3 cm wide remained on the stream at the throat
plane. In the takeoff position, the wedge cross-sections
block only 2.24 percent of the total throat area.
Shown in Fig. 5 are the three design conditions
which were finalized, cruise, takeoff, and approach with
an open fan nozzle. The fan nozzle was opened as far as
practicaole for the approach position in order to reduce
the throat area variation required from 46 to 33 percent
of the cruise area. An average throat Mach number of
0. 865 was selected as the design point for takeoff and
approach and test variables were set so that both inlet
configurations could be tested over a range of throat
Mach numbers from about 0. 25 to choked flow condit?one
by varying corrected fan speed.
Presented in Fig. 6 are the contour area ratios of
the two confi gurations tested as a function of the dis-
tance upstream of the fan leading edge. The equivalent
0
conical diffusion angles are 90 and 122 for the takeoff
and approach configurations, respectively. A conven-
tional design equivalent conical diffusion angle for a
fixed geometry subsonic CTOL (DC10) inlet is about :lo
The fixed- position hardware used herein v ,as de-
signed so that the wedges could be removed and :hat
either hard panels or acoustic suppression panels could
be tested. A schematic of the acoustic panels is pre-
sented in Fig 7. The same acoustic panels were used
in both the approach and takeoff configurations. The
acoustic design selected had been previously utilized in
tests of NASA Quiet Engine I ' C". (8)
The contracting cowl inlet installed on Quiet Engine
^C,I at the NASA Noise Facility is shown in Fig. d.
Experimental Methods
Aerodynamic and acoustic data were obtained o er
a range of corrected fan speeds of 43 to 97 percent of
design for the takeoff configurations of the higir throat
Mach number inlet and 43 to 72 percent for the approach
configurations.
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The acoustic instrumentation and data recording
system had a Rat response over the frequency range of
interest (50 to 20 000 Hz). Data signals were FNI re-
corded from all channels simultaneously on magnetic
tape. Each of the three samples for a given corrected
fan speed was reduced separately by using a 1/3-octave-
band analyzer. The resulting sound pressure levels
were arithmetically averaged, adjuste r; to standard day
atmospheric conditions and side-line perceived noise
levels were calculated using the standardized procedures
presented in Ref. 9	 s
Aerodynamic instrumentation was located in planes
Identified in Fig. 9. The pressures, temperatures, and
other outputs were received as millivolt signals by the
facility data system, digitized and transmitted from a
local minicomputer to a remote data collector system
by land-line. A large laboratory computor then reduced
the data to appropriate aerodynamic parameters. Some
data from the traversing probes (fan inlet instrumenta-
tion planes) were reduced in the facility miniconiputor
and final data on air flow, Mach number, velocity, pres-
sure recovery and total pressure distortion were pro-
duced.	 P
Some in-duct acoustic data were obtained using tra-
versing probes at the aforementioned fan inlet instru-
mentation plane and also at the fan-outlet bypass duct
plane located about 15 cm downstream of the fan outlet
guide vanes.
Surface Mach numbers were calculated from the
wall static pressures and the ambient total pressure.
Thrust was measured with a load cell and corrected for
the axial component of the fonvard quadrant wind inlet
momentum.
w
Total pressure recovery was calculated firs' by in-
tegrating the total pressure probe traverses in and out
for both probes. The results were averaged excel'* for
the configurations with wedges (configurations 1 and 3).
These total pressures were weighted according to the
total percent area blockage of the wedges at the throat
(approx. 2. 2 percent;. The resulting total pressure at
the fan inlet plane was then divided by the ambient pres-
sure to yield recovery.
For the computation of total pressure distortion
Smax at the fan inlet instrumentation plane, the tra-
versing total pressure was used and the outer 10 per,:ent
of the annulus was excluded in determining the minimum
pressure (five element equal-area-weighted convention).
Results and Discussion
The aerodynamic results are presented in terms of
inlet recovery and distortion parameter as ;w:ctions of
one-dimensional throat Mach number. Experimental
d6l
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surface Mach number distributions are compared to
analytical program results. ( 7 ) Measured corrected
thrust values are also presented as a function of cor-
rected fan speed.
The acoustic results are presented in terms of
305-meter sideline Perceived Noise Level at a 600 for-
ward angle. Combined aerodynamic and acoustic re-
sults tine characterized in terms of inbit recovery as a
function of acoustic suppression at the 60 0 forward an-
gle. Some operational problem aspects of using high
throat Mach number insets on turbofan engines are also
d_scussed.
Aerodynamic Performance
To better evaluate the effects of these high i::mat
Mach number inlet configurations on pressure recovery
and distortion, typical static and total pressure profiles
at the fan inlet instrumentation plane for a baseline cy-
lindrical inlet are presented in Fig. 12. The calculated
throat Mach number is 0. 22 and the corrected thrust is
equal to takeoff. The boundary layer thickness is about
4 cm (much thinner than Figs. 10 and 11) and the pres-
sure traces are very smooth in oomparison to Figs. 10
and 11. Obviously, contoured inlets with equivalent
0
conical diffusion angles from 9 0 ( takeoff) to 12Z (ap-
proach) produce significantly higher flow distortions
than cylindrical inlets at static test conditions.
The comparisons of potential flow analyses (7) with
Typical total and static pressure profiles measured
at the fan inlet instrumentation plane are presented in
Fig. 10 for the takeoff configuration 1, for a calculated
average throat Mach number of 0. 866 and a corrected
thrust of 97 900 newtons (takeoff). The pressure tra-
verses for configuration 3 (hard) are not presented but
are exactly the same (within lnstrumentatinn accuracy)
as configuration 1 (soft'. The traverses between the
wedges ( Fig. 10 ( a)) indicate a boundary layer of about
8 cm in thickness. The traverses behind the wedges
(Fig. '0(b)) indicate a thicker combined wake and bound-
ary layer which extends about 12 cm from the wall. The
boundary layer rake data at the fan inlet instrumentation
plane (not presented) confirmed the total pressure trends
at the outer 14 cm of the flow passage. The average of
the two total pressure traverses from Fig. 10(a) is
shown for reference. The peak in both total and static
pressures at 34 cm from the wall iF helleved to result
from the ground vortex u • Ich is visible at high fan
speeds under rcrtutn atmospheric conditions. The vor-
tex wa i apparently not encountered by the probe on Its
inward traverse. This result is not surprising that it
meanders continually during engine operation.
Typical total and static pressure profiles for the
approach configuration (4) measured at the fan inlet in-
strumentation plane are presented in Fig. 11. The cal-
culated one-dimenstonal throat Iviach number for these
profiles is 0.73 and the cor-rected thrust is about 44 000
newtons. The boundary layer thickness at this condittop li
is about 20 to 24 cm and the almost total lack of airflow
in the outer 4 em (Fig. 11(a)) indicates an incipient total
separation condition. The traverses at the top of the
inlet ( Fig. 11 ( a)) indicate a more marginal flow condi-
Uon than tha bottom of the inlet ( Fig, 1l (b)) as evidenced
by lower flaw (less dynamic pressure) in the outer
30 cm of the flow passage. The difficulty in maintaining
engine steady- state conditions is evidenced by the aepa-
raiioo of the pressure traces during the 2 minutes re-
gX.ed to traverse both directions as shown in both Figs.
11(a) and (b).
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experimental data for the takeoff and approach contours
are presented in Fig. 13. The data for the takeoff con-
tour ( Fig. 13 (a)) closely agree with the calculated wall
Mach numbers for a data point whose calculated throat
Mach number equaled the analytical choking aver _ge
throat Mach number of 0. 92. The data poi nts down-
stream of the throat fall above the analysis results be-
cause the increase in boundary layer thickness and the
resulting increase in average Mach number was not in-
cluded in the analytical curves, It is seen that the flow
is supersonic over a significant area in the region of t`.e
throat.
The data for the approach contour ( Fig. 13 (b)) follow
the analysis from the highlight until a few. centimeters
upstream of the throat. The peak wall Mach number is
not reached until about 20 cm downstream of the throat
for the highest corrected fan speed data points. These
data also indicate a definite shock formation at this
point which can lead to a recovery loss and an intermit-
tent flow separation which will be discussed later.
Again, for the reason previously stated, the calculated
wall Mach number tends to fail higher than the analysis
downstream of the point where the peak wall Mach num-
ber is attained.
The inlet recovery is presented as a function of
average throat Mach number in Fig. 14. The design-
point estimated recovery values are also shown as are
the choking throat Mach numbers obtained from the
analyses.
There is essentially no difference in the data trends
for configurations 1 and 3. The presence of the acoustic
suppression surface apparently has no measureable ef-
fect on recovery. Configuration 2, without wedges, has
a slighliy higher recovery berause there are no wedge
wakes. Since the wedges block only about 2 percent of
the throat are;, they were not expected to affect overall
Wet recovery markedly. Hard choking ( which is de-
fined as that average throat Mach number at which no
41
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further flow increase can be obtained with further re- n
duction in downstream pressure) is attained at an aver-
age throat Mach number of 0.925 for the takeoff config-
urations. Further slight increases in fan speed in an
attempt to increase flow result only in decreased inlet
recovery. At design throat Mach number of 0. 865,
takeoff design recovery is 0. 970; configurations 1 and 3
have recoveries of about 0.986; configuration 2 has a
recovery of about 0. 988.
For the approach configurations, recovery at throat
Mach numbers below 0. 5 coincide with the takeoff con-
figurations. However, at throat Mach numbers above
0. 68, recovery falls off rapidly from a level of 0. 987 to
about 0 . 95 at a Mach number of about 0 . 74. This rapid
falloff occurs because of intermittent flow separation in
the inlet. This condition is manifested as a low fre-
quency ' 1 to 2 Hz' audible rumble and an accompanying
intermittent disappearance of the condensation curtain
across the throat region which occurs during supersonic
shock formations.
It is possible that the aforementioned condition dur-
ing static testa for the approach configurations is en-
tirely different than that which would occur at a forward
velocity comparable to approach flight. Such a differ-
ence was reported in Ref. 10 and will be discussed later. I
Inlet distortion parameter at the fan inlet instru-
mentation plane as a function of the throat Mach number
Is presented in Fig. 15. As would be expected, the dis-
tortion behind the wedges is higher than between wedges
over the range of Mach numbers below the hard chc.ked
condition for the takeoff configurations. Once hard
choking Mach number is reached, the distortion param-
eter rises precipitously.
The approach configuration has a relatively low
distortion parameter (less than 0. 05) until the throat
Mach number exceeds 0.68. The distortion parameter
then rises rapidly with throat Mach number until inter-
mittent separation occurs.
The di.icussion of the inlet's effect on the engine
performance wcuI6 not be complete without some refer-
ence to enguce corrected thrust levels. Therefore,
presented in Fig. 16 are the corrected thrust values for
various takeoff configurations ( along with the baseline
configuration) as functions of corrected fan Speed.
Within the accuracy of the thrust measurement (*I per-
cent), none of the configurations are different from the
baseline at thrusts less than rated takeoff. The fsends
do show, however, that configuration 2 (without wedges
hard) has somewhat higher thrust at corrected fan
speeds aM_- a 78 percent of rated. As each configuration
reaches "choked' inlet condition2 t_he thrust trend
"bends over" with respect to ^orrected fan speed. The
n^
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ambient wind speed ar.d direction v'ere observed to af-
fect recovery and thrust to some degree.
Corrected specific fuel consumption results (Fig. 17)
do show that the baseline configuration is lower than the
other oonfigurations by about 2 percent over the range
of corrected fan speeds except where inlet flow coudi-
ttons approach " choking." However, the cruise contour
(which was not tested) is of much more interest to the
dea!gner who is trying to coax more range and lower
D. O. C. out of his airplane. The lower design throat
Macs number (0.7) and the rather conventional diffuser
design of the cruise contour should give one confic'ence
that little or no penalty in s. f, c. should be expected with
We inlet design.
Acoustic Performance
Far field noise measurements at takeoff thrust are
presented in Fig. 18. Sideline Perceived Noise Level
PYL is shown as a function of angular position from the
inlet for the baseline and the takeoff configurations. The
effect of the high throat Mach number inlets is very evi-
dent in the forward quadrant. At the 60 0 angular posi-
tion, the noise is suppressed as much as 15. 5 PNdB.
It is also evident that the front quadrant noise is sup-
pressed to the point that the aft end noise is now domi- W
nant. Also, note th • t configuration 2 (without wedges)
Is about 3 dB noisier than configurations i and 3 (with
wedges) in the front peak noise angle. This results
from the lower throat Mach number and 'nigher throat
area for configuration 2 with the wedge blockage miss-
ing.
The spectra for the 600 angular position are com-
pared in Fig. 19 for the baseline and configuration 1.
The suppression is effective over the entire range of
frequencies but is especially effective over the MPT
Lange and at the BPF (2000 liz).
PNL at the 600 angular microphone position u, r a
range of thrust levels is presented in Fig. 20. Config-
urations 2 and 3 are both noisier than the baseline at
fan speeds up to 75 percent. This is probably due to in-
creased turbulence in the diffuser section of the high
throat Mach number inlet upstream of the fan and the
increased boundary layer thickness (Fig. 10) compared
to the cylindrical inlet (Fig. 12) for the baseline config-
uration. As the fan speed is raised above 75 percent
the increasing Mach number then restricts forward
radiated noise dramatically. The acoustic treatment of
configuration 1 suppresses forward radiated noise effec-
tively (approx. 5 PNdB) over the entire range of fan
speeds up to takeoff thrust level. The measured noise
suppression of the high Mach number inlets is e'rective-
ly limited at fan speeds above 92 percent b} - -nse
"floor" caused by forward radiated aft-end noisy
ik',
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Far field noise measu. ements at approach thrust
level for the baseline and the approach configurations
are compared in Fig. 21. Perceived Noise Level is
shown as a function of angular position from the inlet
for the baseline and the two approach configurations.
Recall that the baseline configuration has a standard fan
nozzle area and that the approach configurations have a
fan nozzle which was essentially 50 percent greater in
area. Therefore, aft end noise comparisons should not
be made even though fan jet noise should not be a factor.
Configurations 4 and 5 exhibit lower noise than the base-
line over the rangr of angular positions but primarily
from 100
 to 900 . Suppressions of about 13 to 14 PNdB
are observed at 40 0
 to 50°. Again, for these configura-
tions as for the takeoff configurations aft end noise
seems to be dominant.
The spectra for the baseline and configurations 4
and 5 at the 60 0 angular position are compared in
Fig. 22. The suppression is effective over the fro-
quency range from 100 to 10 000 Hz and is especially
effective in reducing the EPF tone by about 16 dB.
PNL at the 60 0 angular position over a range of
corrected fan speeds is presented in Fig. 23. Configu-
ration 4 is noisier than the baseline at corrected fan
speeds lower than 65 percent of design for reasons as f
previously noted for configurations 2 and 3. At higher
fan speeds the increasing throat Mach number effective-
ly suppresses forward radiated far-field noise. The
treatment of configuration 5 effectively suppresses far
field noise over the range of speeds below 65 percent.
At speeds higher than 65 perceat, the accelerating flow
through the inlet then causes noise suppression compa-
rable to configuration 4.
PNL reduction from the baseline configuration at a
forward angle of 60 0
 is plotted as a function of inlet re-
covery in Fig. 24. The superior noise reduction of con-
figuration 1 at high values of Inlet recovery is clearly
evident.
to Fig. 25 (Fig. 6 (10)), the effect of increasing the for-
ward velocity ;rom () to 41 m/sec at a 12-dB reduction in
noise raised the inlet recovery 11 percent for a trans-
j lacing centerbody type of approach configuration, in-
creasing the recovery of the configuration reported here-
in by 12 percent would result in attainment of the design
goal recovery of 0. 97. A similar Inlet instability was
associated with the Ref. 10 configurr.tion at static condi-
tions. This condition was ameliorated also by the in-
crease in forward velocity to 41 m/sec.
By operating the takeoff configuration 1 (Fig. 24)
with acoustic treatment at approach thrust, a PT L re-
duction of about 5. 0 dB can be achieved with an inlet re-
covery of 0. 997 and a distortion of less than 3. 0 percent
(Fig. 15).
Summary of Important Conclusions
1. The takeoff configurations exhibited maximum
PNL reductions from the baseline of about 17 dB at an
ang!e of 60 0 from the inlet measured on a 305-meter
sideline. 'These maximum measured reductions were
limited by forward-radiated aft-end noise. The accom-
panying inlet recoveries were above 0. 98.
2. The approach configuration exhibited maximum
PNL reductions from the baseline of about 12 dB at an
angle of 60° from the inlet measured on a 305-meter
sideline. The accompanying recovery was about 0. 95
and the incipient flow separation in the inlet proved to be -g-
a marginally safe engine operation at static test condi-
tions.
3. By operating the takeoff configuration (with
acoustic treatment) at approach thrust, a PNL reduction
of about 5. 0 dB can be achieved with an inlet recovery
of 0. 997 and a distortion of less than 3. 0 percent.
4. The contracting cowl high Mach number inlet has
been shown to be an attractive means to reduce forward
radiated noise from a high bypass ratio turbofan engine.
All the takeoff , onfigurations exhibited maximum
PNL redricttor,s frot - the baseline of about 17 dB.
These maximum mean ured re.l:vctions were limited by
forward radiated aft-ei d noise. The accompanying in-
let recoveries were above 0. 98, and the maximum dis-
tortions in the wedge wakes were about 9 percent (Fig,
The approach configurations exhibited maldmttm
PNL reductions from the baseline of about 12 dB. The
reco ery was about 0.955 at thib condition and the incip-
ieri !,,-w separation in the inlet proved to be a mtrghw-
ly safe engine operating condition. Th!e low inlet re-
covery which was noted previously is even more notice-
able in this plot of aeroacoustic performance. Referring
Concluding Remarks
The results of this investigation alone may be mis-
construed without reference to results from some small
scale inlet tests reported in Ref. 10. The effects of
freestream velocity and incidence angle on aeroacoustic
performance of high throat Mach number inlets can be
significant.
Evun though the m!nl-bellmouth Inlet used during
this investigation was dsslgned to provide an inlet flow
which would approximate the flight conditions of ap-
proach and takeoff, changes in ambient wind direction
and speed during tests affected inlet performance. The
aeroacoustic performance and operational characteris-
L 
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15), and between wedges, 41 percent.
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tics of the " marginal" ap7)rof :ch configuration could be
appreciably enhanced by the effect of forward velocity.
Therefore, th: unmistakeable conclusion to be
reached is that in any devt,',pment program effects such
as forward velocity and angle of incidence be determined
along with full scale enL lne tests such as those reported
herein.
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